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in recent times. In search for this, there have beenmany attempts made using, different techniques like
tissue culture and plant breeding methods. Here we report a suitable alternative facile route, where
cyanobacterial extracellular products are utilized as growth regulators and its performance validated
on Gossypium hirsutum L. MS medium is tested with cyanobacterial extracellular products ofNostoc
ellipsosporum, Dolichospermum ﬂos-aquae and Oscillatoria acuminata .Our best results show that the
addition ofO. acuminata extracellular product with plant growth hormones gives the excellent induc-
tion and elongation in cotton. In addition to this, themultiple shoot was obtained onMSmedium for-
tiﬁed with 1.0 mg L1 BA with 8%O. acuminata and 1.5 mg L1 TDZ with 12%O. acuminata. High
frequency of shoot elongation supplemented withMSmedium, iP 2.5 mg L1 and 16%O. acuminata
and root productionMSmedium fortiﬁedwith 12%O. acuminata best responsible for regeneration in
cotton plants. The rooted plants were hardened and transferred to soil with 90% survival rate.
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Though there has been a tremendous amount of research de-
voted to the development of new in vitro culture Cotton
plants (Gossypium hirsutum L.), cotton research is still fasci-
nating due to its high economic value apart from ﬁber pro-
duction and also its use in the production of oil, feed,
cotton seed meal and hulls [1]. Many strategies have been
followed for the improvement of cotton, including, micro-
propagation, somaclonal variation and plant breeding. Plant
regeneration from vegetative tissues is particularly vital to
the improvement of crop plants. Although, in vitro culture
and genetic manipulation have been mainly accomplished
by breeding programs [2], these efforts suggest the difﬁculties
in developing in vitro culture of cotton. Because the cyano-
bacterial extract contains antibiotics, algicides, pharmaceuti-
cals and plant growth regulators such as GA3, IAA and
IBA [3,4], it plays a signiﬁcant role in the regulation of
many physiological processes of plants [5]. The supplementa-
tion of media with plant extracts and cell exudates is bene-
ﬁcial in Daphne spp. Micropropagation [6]. In addition to
vigorous appearance of shoots, enhancement in rooting efﬁ-
ciency can be achieved. The extra cellular products of algae
released into culture media are micro, macro elements, vita-
mins, carbohydrates and growth regulators[7]. CEP strongly
promoted the seed germination and somatic embryogenesis
in Daucus carota L. [8]. This drives us to make use of these
potential Cyanobacterial extracellular products suitable for
in vitro culture in cotton research. The genetic improvement
of cotton plant is one of the important focuses in conven-
tional plant breeding methods. The micropropagation of cot-
ton is important because shoot apex culture attains
characters responsible for transgenic cotton production via
Agrobacterium and biolistic transformation methods [9].
The optimal plant growth regulators of BAP, iP, NAA
and IAA are induction and elongation, which has enabled
the generation of this highly efﬁcient transgenic system for
B. monnieri [10]. The meristem-based regeneration is more
suitable for Agrobacterium – mediated transformation com-
pared with organogenesis and somatic embryogenesis [11].
Direct regeneration without intervening callus is a pre-requi-
site for successful in vitro micropropagation and transforma-
tion program [12,13]. As a result, here an attempt has been
made to investigate the addition of cyanobacterial extract
and thereby develop a protocol for in vitro rapid regenera-
tion of G. hirsutum L.2. Materials and methods
2.1. Organisms and growth conditions
Three axenic cultures of cyanobacteria strains, Oscillatoria
acuminata NTMS02, Dolichospermum ﬂos-aquae NTMS05,
and Nostoc ellipsosporum NTMS01 were obtained from the
Culture Collection Centre, Department of Microbiology, Bha-
rathidasan University, Tiruchirappalli, Tamilnadu, India.
Cyanobacteria were illuminated with the white light at an
intensity of 50–75 lE m2 s1 and incubated at 26 ± 2 C in
a 12:12-h light/dark cycle. All experiments were conducted in
ﬂasks and were shaken manually thrice a day.2.2. Cyanobacterial extracellular product (CEP)
In this investigation, CEPs of Oscillatoria acuminataNTMS02,
Dolichospermum ﬂos-aquae NTMS05, and Nostoc ellipsospo-
rum NTMS01 were prepared by collecting the supernatant of
stationary phase culture and were ﬁlter sterilized using
0.2 lm membrane ﬁlters after 35 days of culture. The CEPs
were stored at 4 C until further use.
2.3. Seed germination and initiation of tissue culture
The seeds of cotton (G. hirsutum L.) cultivar KC3 were ob-
tained from the Agricultural Research Station – Kovilpatti,
Tamilnadu, India. The seeds were surface sterilized with
0.1% HgCl2 for 5 min and 70% ethanol for 1 min then rinsed
with sterile water three times. It was inoculated in an auto-
claved 500 mL culture bottle containing a cotton bed with
half-strength MS basal liquid medium and MS + CEP
[14,15]. The MS + CEP growing shoot apexes excised from
7-day old in vitro grown seedlings were used as an explant
source.
2.4. Multiple shoot induction and elongation
Shoot apex explants were cultured on MS salts, supplemented
with B5 vitamins and various growth hormones (e.g., BA, iP,
TDZ, GA3, IBA, IAA and NAA) and cyanobacterial extracel-
lular product. The nutrientmedium consisted ofmajor andmin-
or salts, 3% dextrose as a carbon source and 0.8% agar (w/v).
The growth hormones of BA (0.5–2.5 mg Ll), TDZ (1.0–
3.0 mg L1), iP (0.2–1.0 mg L1), IBA (0.5–2.5 mg L1), and
GA3 (0.5–2.5 mg L1) were supplemented into the MSmedium
and the effects of those were tested for the induction of multiple
shoots and elongation from shoot apex explants. In another
experimental design, the shoot apex explants were cultured on
the medium containing 4–20% cyanobacterial extracellular
product for the induction of multiple shoot and elongation.
The pH of the medium was adjusted to 5.7 prior to autoclaving
at 121 C for 15 min. The cultured explants were maintained at
25 ± 2 C under Philips ﬂuorescent lamps (80 lmol photons
m2 s1) and under a 16:8-h light/dark cycle. The explants were
subcultured every week. After 6 weeks of culture, the elongated
shoots were transferred to rooting medium.
2.5. Rooting and acclimatization
Well-developed shoots (>4.7 cm long) were excised and
placed vertically into rooting medium, and elongated shoots
were tested in MS medium. Comparatively, MS medium sup-
plemented with auxins (such as IAA, IBA, and NAA) 0.2–
1.0 mg L1 and MS medium supplemented with CEP (4–
20%) without any plant growth regulators were tested. The
pH of the medium was adjusted to 5.7 ± 2 prior to autoclav-
ing for 15 min at 121 C. The cultures were incubated under
16-h photoperiod at 25 ± 2 C with 70% relative humidity
and an irradiance of 80 lmol photons m2 s1. The experi-
ment was setup in a completely randomized design with three
replications. After 2–3 weeks, the agar and other adherents
from the in vitro-cultured plantlets were washed in distilled
water and number of roots per responding shoot was
Figure 1 In vitro regeneration of Gossypium hirsutum L. through shoot apex culture. Ten day old seedling grown in O. acuminata
containing medium, b. Multiple shoot formation from shoot apex explants, c and d. Shoot elongation, e and f. Well developed shoots with
mass of roots, g. Hardened plant lets in sterile soil, sand and vermiculate for 10 days at 2:1:1 ratio.
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ing autoclaved vermiculite, sand and soil in the ratio of 1:1:2.
The successfully rooted plantlets were transferred to a plant
growth chamber and grown for 10 days at relative humidity
of 70% and at room temperature of approximately 25 C.
The plants were watered once in 2 days and the plantlets were
covered with a clear plastic lid and kept for 5 days in the
growth chamber to avoid drying of young leaves. After
5 days, the plants were transferred to the greenhouse and
grown at 28 ± 2 C with natural photoperiod.
2.6. Statistical analysis
All experiments were conducted with a minimum of three rep-
licates per treatment and subjected to analysis of variance (AN-
OVA) using SPSS v. 17 for Windows 7 Basic. The mean values
were compared using Duncan’s multiple range test (P< 0.05).3. Results and discussion
3.1. Seed germination and establishment of tissue culture
The most important step in the experiment is the preparation
of contamination-free explants. Cotton seeds of equal size
are used for in vitro seed germination and germinated in liquid
MS, Oscillatoria acuminata NTMS02, Dolichospermum ﬂos-
aquae NTMS05, and Nostoc ellipsosporum NTMS01 extracel-
lular product in absorbent cotton of culture tubes. After 2 days
of dark incubation at 25 C followed by conditioning the light,
the results in highest seed germination (90%) were obtained on
O. acuminata containing medium (Fig. 1a). This excellently
correlated with the earlier report [16]. The cotton seeds cul-
tured in the basal MS medium showed 60% of germination
and those cultured in the MS with CEP – containing medium
showed 90% of seed germination. Shoot apex explants are
Figure 2 Effect of CEP and MS basal medium on in vitro seed
germination of Cotton. The medium was composed of MS salts
and B5 vitamins, 3% sucrose as control and CEP at different
concentrations. Letters (a–e) indicate statistically signiﬁcant
differences between the means (P< 0.05), according to Duncan’s
multiple range test.
Figure 3 Effects of different CEPs and MS basal media on the
shoot induction and proliferation from shoot apex explants.
Letters (a–e) indicate statistically signiﬁcant differences between
the means (P< 0.05), according to Duncan’s multiple range test.
Figure 4 Effects of different CEPs and MS basal media on the
shoot length from shoot apex explants. Letters (a–e) indicate
statistically signiﬁcant differences between the means (P< 0.05),
according to Duncan’s multiple range test.
Figure 5 Effects of different CEPs and MS basal media on the
root induction and proliferation from shoot. Letters (a–e) indicate
statistically signiﬁcant differences between the means (P< 0.05),
according to Duncan’s multiple range test.
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grown on MS+ CE (90%) and tested.
3.2. Effect of plant growth regulators and CEP source on shoot
induction
Three cyanobacterial extracellular products were tested with
Murashige and Skoog’s medium (MS). Apart from three
CEPs, O. acuminata showed the best response on in vitro prop-
agation (Figs. 2–6). From these results the O. acuminata extra-
cellular product has demonstrated with PGRs for shoot
multiplication and root induction from the shoot apex explants
of G. hirsutum L (Table 1). At different concentrations of cyto-
kinin BA (0.5–2.5 mg L1), TDZ (0.5–2.5 mg L1) along with
O. acuminata extracellular product is tested. A maximum
shoot production per explants was achieved on Murashige
and Skoog’s medium (MS) supplemented with BA and silver
nitrate [17]. High frequency of shoot induction of 100% and
an average shoot induction rate of 10.4 with a shoot lengthof 2.4 cm was observed on MS medium supplemented with
1.5 mg L1 of TDZ and 12% O. acuminata extracellular prod-
uct (Table 1) and 1.0 mg L1 BA with 8% O. acuminata extra-
cellular product showed only 70% of response for forming
shoots in 10 days without medium discoloration. The fre-
quency of shoot induction formed a decrease in trend with
an increase in BA and TDZ concentration of 2.5 mg L1 with
20% O. acuminata extracellular product (Table 1). These ﬁnd-
ings coincide with others [18,19] who have reported that high
levels of cytokinin inhibited the regeneration frequency.
3.3. Effect of plant growth regulators and CEP on shoot
multiplication:
The adventitious shoot multiplication was tested with the com-
bination of IBA, NAA, TDZ and O. acuminata extracellular
Figure 6 Effects of different CEPs and MS basal media on root
length from shoot. Letters (a–e) indicate statistically signiﬁcant
differences between the means (P< 0.05), according to Duncan’s
multiple range test.
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medium supplemented with 0.4 mg L1 IBA + 2.0 mg L1
TDZ+ 8% O. acuminata extracellular product, and it induces
100% of adventitious shoot multiplication with an average
number of 9.5 shoots with a length of 4.6 cm. About 90% of
shoot multiplication was observed within 4 weeks of culture
at a concentration of 0.8 mg L1 NAA+ 2.0 mg L1
TDZ+ 16% O. acuminata extracellular product (Table 2)
and an average number of 9.2 shoots was observed with a
length of 4.3 cm. In general, plant in vitro culture is inﬂuenced
by the balance of auxin and cytokinin [20]. TDZ combined
with IBA showed 76% of regeneration frequency and induced
maximum number of shoots per explants [21]. Addition of
auxin promotes shoot multiplication [22]. CEP that has been
possibly released includes carbohydrates, vitamins and plant
growth regulators.Table 1 Effect of O. acuminata extra cellular product combined
explants.
PGRs (mg L1) + oscillatoria % % of explants forming shoots
BA (mg L1) + O. acuminata %
0 20
0.5 + 4 40
1.0 + 8 70
1.5 + 12 50
2.0 + 16 60
2.5 + 20 50
TDZ (mg L1) + O. acuminata %
0.5 + 4 60
1.0 + 8 60
1.5 + 12 100
2.0 + 16 70
2.5 + 20 70
Values represent the mean S.E. Means ± standard error. Means with the s
Duncan’s multiple range test at P< 0.05.
PGRs – Plant Growth Regulators.3.4. Effect of plant growth regulators and CEP source on shoot
elongation
Our results show that O. acuminata with cytokine has an im-
pact on the shoot elongation. It is well known that, cytokinins
are responsible for shoot elongations [23]. Therefore we
emphasize that our O. acuminata extracellular product con-
tains cytokinins along with other PGR’s. The shoot elongation
frequencies were obtained with three percent of dextrose and
tested with iP, O. acuminata and GA3 (Table 3). Our ﬁndings
clearly indicate that an average of 100% response and a shoot
length of 7.4 cm are observed when using the medium supple-
mented with 2.5 mg L1 iP and 16% O. acuminata (Table 3).
High frequency of shoot elongation response is found when
using the medium fortiﬁed with iP and 16% O. acuminata
without basal callus formation (Fig. 1e). The low concentra-
tions such as 1.5 mg L1 GA3 with 8% O. acuminata are not
suitable for elongation and it produced only 5.1 cm length of
shoot with basal callus formation around the shoots (Table 3).
Formation of basal callus is observed during shoot elongation
and reported that it may reduce the survival rate in tomato
plant [24]. The gibberellic acid (GA3) and N6-2-isopentenyl
adenine (iP) are essential hormones for the induction of cell
division; shoot elongation and subsequent organogenesis [25].3.5. Effect of plant growth regulators and CEP on root
formation
Among the three extracts – O. acuminata, D. ﬂos-aquae, and
N. ellipsosporum (Fig. 6) tested, O. acuminata has been ta-
ken for the evolution and also the PGRs were tested for
the root induction (Table 4). The frequency and nature of
the roots induced from elongated shoots varied with the
type of auxin used. Well developed shoots are transferred
into the MS medium supplemented with auxins, such as
IAA, IBA and O. acuminata. Newly prepared MS basal
medium supplemented with 3% dextrose containing 0.2–
1.0 mg L1 of IAA, 0.2–1.0 mg L1 of IBA and 4–20%with PGRs on adventitious shoot formation from shoot apex
Number of shoots per explants Shoot length (cm)
1.8 ± 0.1a 2.3 ± 0.1a
4.2 ± 0.13d 1.7 ± 0.15c
7.3 ± 0.15a 2.1 ± 0.13a
5.6 ± 0.16c 1.8 ± 0.13b
6.4 ± 0.16b 1.9 ± 0.1b
5.3 ± 0.15c 1.5 ± 0.17c
6.3 ± 0.15c 1.9 ± 0.13d
6.1 ± 0.1c 1.7 ± 0.1c
10.4 ± 0.16a 2.4 ± 0.16a
7.3 ± 0.15b 2.2 ± 0.13b
6.5 ± 0.16c 1.6 ± 0.16b
ame letter within a column are not signiﬁcantly different, according to
Table 2 Effect of O. acuminata extra cellular product combined with PGRs on adventitious shoot multiplication from shoot apex
explants.
PGRs (mg L1) + Oscillatoria % % of shoot multiplication Number of shoots per explants Shoot length (cm)
IBA + TDZ (mg L1) + O. acuminata %
0.2 + 2.0 + 4 70 7.3 ± 0.15e 3.9 ± 0.1b
0.4 + 2.0 + 8 100 9.5 ± 0.17a 4.6 ± 0.16a
0.6 + 2.0 + 12 100 9.2 ± 0.17b 4.0 ± 0.0b
0.8 + 2.0 + 16 90 8.7 ± 0.15c 3.2 ± 0.13c
1.0 + 2.0 + 20 90 7.9 ± 0.1d 2.9 ± 0.1c
NAA+ TDZ (mg L1) + O. acuminata %
0.2 + 2.0 + 4 70 6.4 ± 0.16d 3.1 ± 0.1c
0.4 + 2.0 + 8 80 7.7 ± 0.15c 3.6 ± 0.16b
0.6 + 2.0 + 12 80 8.3 ± 0.15a 4.1 ± 0.1a
0.8 + 2.0 + 16 90 9.2 ± 0.13b 4.3 ± 0.15a
1.0 + 2.0 + 20 80 7.6 ± 0.16c 3.7 ± 0.1b
Values represent the mean S.E. Means ± standard error. Means with the same letter within a column are not signiﬁcantly different, according to
Duncan’s multiple range test at P< 0.05.
PGRs – Plant Growth Regulators.
Table 3 Effect of O. acuminata extra cellular product combined with PGRs on shoot elongation from shoot apex explants.
PGRs (mg L1) + O.
acuminata %
Percentage
of response
Mean shoot
length
Basal callus
formation at
3% sucrose
Basal callus formation
at 3% dextrose
2iP (mg L1) + O. acuminata %
1.0 + 4 80 5.4 ± 0.16d ++ +
1.5 + 8 90 5.2 ± 0.13c +++ 
2.0 + 12 100 6.7 ± 0.15a ++ +
2.5 + 16 100 7.4 ± 0.1a  
3.0 + 20 95 4.3 ± 1.5b  +
GA3 (mg L1) + O. acuminata %
1.0 + 4 85 4.9 ± 0.52d ++ 
1.5 + 8 90 5.1 ± 0.15c +++ 
2.0 + 12 100 5.9 ± 0.15b ++ 
2.5 + 16 100 6.2 ± 0.16a + 
3.0 + 20 100 5.4 ± 0.16b ++ +
Values represent the mean S.E. Means ± standard error. Means with the same letter within a column are not signiﬁcantly different, according to
Duncan’s multiple range test at P< 0.05.
PGRs – Plant Growth Regulators.
‘‘+++’’ High% of callus formation.
‘‘++’’ Medium% of callus formation.
‘‘+’’ Low% of callus formation.
‘‘’’ No callus formation.
14 P. Gurusaravanan et al.O. acuminata is tested (Table 4). Well regenerated shoots
>4.7 cm in length are transferred to the above mentioned
rooting medium. The 12% O. acuminata showed the best
response for root induction than IAA and IBA upon
14 days of culture (Table 4). IAA and IBA are efﬁcient
for root induction, but in cotton plant regeneration, the
root production frequency rate is low and an average of
4 roots produced per shoot. The results are correlated with
earlier reports [26]. The high frequency rate of rooting was
observed when medium was supplemented with 12% O.
acuminata as it produced 12.3 roots per shoot with a length
of 13.4 cm (Fig. 1f). Cyanobacterial extracts produce a widearray of substances including the IAA [27]. The success of
in vitro culture depends mainly on the growth conditions
of the source material medium composition, culture condi-
tions and on the genotypes of donor plants [28]. As the
plantlets are hardened to basins containing a mixture of
sterile soil and vermiculate, they are transferred to a plant
growth chamber (Fig. 1g). The plants are maintained in
the growth chamber for a week to obtain well developed
leaves and 90% of plantlets survived and transferred to
the green house conditions. Regenerated plantlets were
transplanted to soil mix and acclimatized yielding a
96.80% survival frequency in earlier report [29].
Table 4 Effect of O. acuminata extra cellular product and PGRs on adventitious root formation from shoot.
Concentration of
PGRs (mg L1) and
O. acuminata%
Percentage of
root induction
Average No.
of roots/shoot
Average No.
of root length
Basal callus
formation
at 3% sucrose
Basal callus
formation at
3% Dextrose
IAA (mg L1)
0.2 0 0 ± 0c 0 ± 0c +++ +
0.4 20 2.2 ± 0.13b 1.1 ± 0.1b +++ ++
0.6 30 2.3 ± 0.15b 1.3±0.15b ++ 
0.8 40 3.3 ± 0.15a 1.6 ± 0.16a + 
1.0 20 2.5 ± 0.16b 1.4 ± 0.16b + +
IBA (mg L1)
0.2 20 1.5 ± 0.17c 1.8 ± 0.13e ++ +
0.4 40 3.2 ± 0.13b 2.2 ± 0.13d +++ +
0.6 60 4.0 ± 0.17a 3.8 ± 0.13ª + 
0.8 40 3.6 ± 0.17b 3.2 ± 0.13b + 
1.0 30 3.3 ± 0.15b 2.7 ± 0.15c + 
O. acuminata %
4 0 0.0 ± 0.0 e 0.0 ± 0.0e + +
8 60 3.6 ± 0.16c 5.7 ± 0.15c + 
12 90 12.3 ± 0.15a 13.4 ± 0.16a  
16 60 4.3 ± 0.15b 7.1 ± 0.1b  
20 60 2.8 ± 0.13d 4.3 ± 0.15d  
Values represent the mean S.E. Means ± standard error. Means with the same letter within a column are not signiﬁcantly different, according to
Duncan’s multiple range test at P< 0.05.
PGRs – Plant Growth Regulators.
‘‘+++’’ High% of callus formation.
‘‘++’’ Medium% of callus formation.
‘‘+’’ Low% of callus formation.‘‘’’ No callus formation.
Effect of cyanobacterial extracts on induction and elongation of Gossypium hirsutum 154. Conclusions
Our results show that, the protocols established with MS med-
ia and cyanobacterial extracts for the induction and multiplica-
tion of adventitious root to ensure a high yield of biomass in
cotton. O. acuminata acts as the best source among three ex-
tracts (O. acuminata, D. ﬂos-aquae, and N. ellipsosporum),
for high efﬁcient regeneration. This protocol is very much cost
effective and initiates high frequency regeneration (>90%) in
G. hirsutum L. through shoot apex using liquid culture of
cyanobacterial extract. Cyanobacterial extracts have been suc-
cessfully used as plant growth regulators in cotton research
and it is easily biodegradable, nontoxic, non-polluting and
non-hazardous. We believe that this initiative will make a great
impact on in vitro plant regeneration.Acknowledgement
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